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Introduction
Kevlar * fiber has highly oriented polymer chains produced from poly-paraphenylene (PPTA). Because Kevlar is much stronger in the axial direction than the transverse direction, and due to its high strength and light weight, Kevlar has seen wide use in flexible armor applications. Obtaining mechanical properties of single fibers at multiple strain rates is important for simulation of impact on fiber-based protective systems, which will ultimately be used for improved design of such protective systems. Accurate simulation of flexible fiber-based armor requires material models derived from accurate material properties collected under valid experimental conditions. The behavior of the fiber material may be different depending on the processing methods. Specifically in the case of Kevlar fabric, the weaving method used to form the raw Kevlar yarns into woven fabric affects the strength of the fibers, and therefore must be investigated to quantify the damage due to processing.
Through different methods of fiber processing and weaving, the strength of the individual filaments in a yarn of Kevlar may become altered. High-performance fibers are woven into a variety of weave styles depending on the application including crowfoot, plain leno, basket, and plain woven (1) . This study only looks at Kevlar KM2 fiber that has been plain woven and treated with a hydrophobic finish. Plain weaving consists of yarns in the warp direction held in tension, while the weft (or fill) yarns are inserted between alternating warp yarns, as shown in figure 1. During this weaving process, it is feasible that the strength of the individual filaments in the yarns become compromised. This possible reduction in strength could be due to the crimping of the yarns, the pretension applied to the warp fibers, frictional interaction between the fibers during weaving, friction interaction between yarns and weaving equipment, or post treatment processing, such as the application of a hydrophobic fluoropolymer. Any difference in strength between the warp and the weft fibers compared to the unwoven fibers will affect the results from computational efforts aimed at simulating impact on the fiber-based protective system; realistic and accurate values for the ultimate strength of fibers taken from each direction must be used in such computer codes. Quantification of any damage in the warp and weft fibers will also provide insights that may help develop methods to reduce damage of the fibers during processing.
* Kevlar is a registered trademark of DuPont Company. Using a modified split-Hopkinson tension bar (fiber-SHTB), Cheng et al. (3) found that at highloading rates, the stress-strain response of the approximately 12-µm-diameter Kevlar fiber was linear and elastic until failure. Additionally, Cheng et al. (3) found that the strength of Kevlar was weakly loading-rate dependent; only a small increase in failure strength was noted when the loading rate was increased from quasi-static (0.00127 s -1 ) to high rate (2500 s -1 ). At quasi-static strain rates, Cheng et al. (3) found that the strength of the unwoven Kevlar KM2 was 3.88 ± 0.40 GPa, while at high rate the strength of the fiber was 4.04 ± 0.38 GPa. Cheng et al. (4) also developed an experimental technique to characterize the transverse mechanical behavior of fibers. Using this new technique, Cheng et al. (4) showed that the fiber was transversely isotropic, and the transverse modulus was 1 order of magnitude lower than the longitudinal modulus.
Using similar methods as Cheng et al. by introducing a laser extensometer method to accurately measure the small displacement behavior of the bar end and subsequently to measure the strain of the fiber. Lim et al. (6) also employed the correction for compliance in the fiber testing system given in ASTM 1557-03 (7) to both the quasi-static and high-rate results. Lim et al. (8) investigated rate effects and gage length effects in Kevlar fiber taken from protective vests over a 10-year range. The type of Kevlar in the vests was not specified in that study. In addition, in the publication, comparisons of the strength of the warp and weft fibers were not made to the strength of unwoven fibers of the same fiber type and denier, nor were the finishing process of the woven fabric mentioned. Hence, it is necessary to study the effect of weaving on Kevlar single fibers at all loading rates, especially relative to the unwoven fibers.
Nilakantan et al. (9) completed an experimental evaluation of strength and strain energy density for failure on Kevlar KM2 yarns, exploring both length-scale and weaving effects. The experiments were completed on Kevlar KM2 600 denier unwoven yarn and compared to yarns taken from the warp and weft directions of KM2 style 706 woven fabrics. The finishes applied to the style 706 fabrics were greige (unfinished, loom state fabric) and scoured, which includes chemical treatment and washing with proprietary additives after the weaving process is finished. Strength of the warp and weft yarns degraded compared to the unwoven yarn. The warp yarns were found to be 16% weaker than unwoven in the greige case and 30% weaker than the unwoven yarns in the scoured case. The weft fibers were 8% and 11% weaker for the greige and scoured cases, respectively.
The study reported in this paper is an expansion of a previous investigation of weaving effects by Sanborn et al. (10) . The previous study was limited to specimens of one gage length. Consequently, the dependence of gage length and subsequently defect distribution on failure strength could not be concluded from that study. In this study, the strength of fibers extracted from the warp and weft directions of Kevlar KM2 style 706 (plain woven, CS-898 hydrophobic finish), 600 denier fabric are compared to the strength of previously unwoven fibers taken from 600d yarn allowing to quantify damage to the single fibers due to the plain weaving process. Specimens of gage lengths of 2, 5, 10, 50, 100, and 150 mm were studied to measure the effect of the defect distribution in the unwoven, warp, and weft Kevlar KM2 single fibers. The strain rate is increased from quasi-static (0.001 s -1 ), to intermediate (1 s -1 ), and finally to high rate (approximately 1000 s -1 ) to investigate strain rate effects in the unwoven and woven fibers.
Comparisons of strength of the unwoven and woven fibers will help to reveal any reduction in strength at multiple loading rates.
Experiments
Materials
To study the effect of plain weaving on the strength of individual Kevlar fibers, never woven (virgin fibers) were extracted from a spool of Kevlar KM2 600 denier yarn. Warp and weft samples were taken from style 706 Kevlar fabric, because style 706 is composed of 600d yarn. The fabric is pulled several times through a series of rollers submerged in a mixture of hot, soapy water to cleanse the surface. This high-speed, possibly violent process may alter the properties of the woven fabric. The 706 fabric was coated with a water repellant finish (CS-898) following the scouring or washing process. After being coated with the fluropolymer, the fabric is subjected to an elevated temperature to cure the fluoropolymer coating. Unfortunately, the information relating to the scouring and hydrophobic treating processes are proprietary, so the specific data such as exact temperatures during processing is not available.
To study the rate dependency of the mechanical response, experiments were conducted at quasi-static, intermediate, and high rate that correspond to strain rates of 0.001 s -1 , 1 s -1 , and approximately 1000 s -1 , respectively. High-rate experiments were conducted using a SHTB that was modified for fiber characterization while low and intermediate rate behavior was captured using a Bose Electroforce experimental setup.
An investigation of the effect of varying the gage length was also completed to elucidate any distribution of defects along the fiber. For each of the three types of fibers (warp, weft, and unwoven), quasi-static and intermediate rate experiments were conducted at gage lengths including 2, 5, 10, 50, 100, and 150 mm. Gage lengths for high-rate experiments were limited to 2, 5, and 10 mm, because dynamic equilibrium of the fiber sample is difficult to achieve for longer gage lengths. At each condition of strain rate and gage length 10 experiments were conducted. The complete experimental test matrix is shown in table 1. Fibers were affixed to cardboard specimen holders using 3M Scotch-Weld * Structural Plastic Adhesive (DP-8005). Various geometries of specimen holders were used depending on the gage length and strain rate. The extracted fibers were glued to the cardboard specimen holders. Samples glued on the cardboard specimen holders were inserted into grips on the Bose Electroforce test setup. The sides of the specimen holder are clipped away allowing the fiber to span between the load cell and movable actuator. For high-rate specimens, slotted setscrews are glued on either side of the sample using cyanoacrylate glue. The sample is threaded into both the * 3M and Scotch-Weld are trademarks of 3M Company.
bar end and load cell. Similar to the low and intermediate rate experiments, the sides of the specimen holder are removed allowing the fiber to span between the load cell and Hopkinson bar end, just before the specimen loading is initiated.
In an attempt to accurately obtain the stresses in each individual fiber, the diameter of each fiber sample was measured using a scanning electron microscope (SEM). Several samples were made from a single strand of fiber about 30 cm in length. After the fiber was secured by glue to the cardboard, a short piece (approximately 3 cm) of each fiber was cut from the end of the long strand and the diameter measurements were taken by imaging in the SEM. The diameter of the fiber was found to vary from 10.5 to 14 µm between strand to strand. A single average diameter value cannot be used for all fibers due to the variations that occur during production. Differences in the sizes of the holes in the spinnerette through which the raw PPTA polymer is extruded could be the reason for these variations, or perhaps each fiber may not experience the same amount of tension while being pulled from the spinnerette head into the water bath, and thus may not contract to the same diameter.
Quasi-Static and Intermediate Rate Experiments
The Bose Electroforce setup was used to evaluate the strength of the fiber at low and intermediate strain rates. The strain ( ) and strain rate () were calculated based on the gage length (l s ) of the sample:
where d is the diameter of the specimen measured using the SEM, and v is the velocity of the experiment. The specimen stress is calculated using
where A o is the initial cross-sectional area, and P is the force measured by the load cell.
High-Rate Experiments
A fiber-SHTB was used to study the behavior of the fiber at elevated loading rates. A picture of the fiber-SHTB is shown in figure 2 , and a schematic is shown in figure 3 . The fiber-SHTB is similar to the bar described by Cheng et al. (3) . The 1/4-in-diameter aluminum incident bar has a flange threaded onto one end. Compressed air is used to fire the tubular striker bar at the impact flange. A tensile pulse is generated that travels down the incident bar and pulls the fiber specimen in tension at an approximate strain rate of 1000 s -1 . Part of the incident stress pulse is transmitted through the specimen while part is reflected back in the bar as a compression pulse.
Since the fibers are extremely weak, with typical measured loads are on the order of 0.5 N, a traditional transmission bar cannot be used to capture the transmitted signal. Instead, a fastacting piezoelectric quartz load cell is used to collect the force history. Similar to the quasi-static experiments, the strain rate of the specimen is calculated using equation 2, except in a different form because the velocity from the fiber-SHTB experiment is calculated based on the histories of the incident and reflected pulses:
and the strain was calculated as
where c o is the wave speed, and and are the incident and reflected pulses, respectively.
In addition to calculating the strain of the specimen using the strain gage signal, a noncontact high-rate laser method was used to measure the strain history of the specimen, similar to the one described by Lim et al. (5) . This laser method uses a laser with a built-in lens that generates a uniformly intense 25.4-mm-wide plate of laser light. A high-speed laser detector located on the opposite side of the incident bar end sends the signal to the oscilloscope. The measurement is made by converting the motion of the end of the incident bar to a voltage output that is proportional to displacement. A calibration is made prior to experimentation using a micrometer to uncover the laser detector at known length-steps and recording the corresponding output voltage from the detector. Using this calibration curve, the laser movement can be converted to extension of the fiber, and hence equation 1 can also be used to calculate strain. The distance and strain measurements obtained using the strain gages on the bar and the laser method were found to agree with each other, as long as the strain gage factor was carefully calibrated for each set of experiments using an instrumented impact hammer and making a force comparison. 
Results
Compliance Correction
During quasi-static, intermediate, and high-rate experiments, the compliance of the gripping system must be taken into account for accurate determination of strain measurements. ASTM C1557-03 (7) describes a method to account for system compliance. The system compliance must be determined experimentally for a given test machine, gripping system, and fiber type (7) . The system compliance is determined by plotting apparent compliance (mm/N) versus l 0 /A, as shown in figure 4 . The cross-head displacement ΔL is measured from the system, and A is the cross-sectional area of the fiber based on the accurate measurement of diameter in the SEM. F is the breaking force and l 0 is the gage length. A gage length of zero represents the system compliance. The intercept of the linear fit is this system compliance (C s ). A typical apparent compliance curve is shown in figure 4 ; the value of C s is 0.113 in the case shown in figure 4. Apparent compliance was calculated for each fiber type (unwoven, warp, weft) at each strain rate (low, intermediate, and high rate). The variability in the data at the longer gage lengths is due to variations in breaking force and/or fiber diameter. The strain measurement is then corrected using the value of C s determined by the linear fit in figure 4 . The corrected strain is (7)
Similarly, Young's modulus must also be corrected
where C a is the apparent compliance in mm/N. The corrected strain behavior is shown in figure 5 . The compliance correction lowers the failure strain at the shorter gage lengths more when compared to the longer gage lengths. The short gage length of 2 mm is especially affected by the correction; a reduction in failure strain of around 35% is shown in figure 5 . A correction to Young's modulus was made and is shown in figure 6 . After applying equation 7 to the blue data points shown in figure 6 to account for the system compliance, the red data points give a more accurate representation of Young's modulus behavior of the fiber. Note that shorter gage lengths are more affected by Young's modulus correction than the longer gage lengths. Figure 6 . Typical Young's modulus corrected using equation 7 at multiple gage lengths. This particular data is from weft fibers tested at quasi-static rate.
The modulus of the fiber was also studied as a function of strain rate and is shown in figure 7 . A table of this data is shown in the appendix. The unwoven and weft fibers showed a modest increase in stiffness with an increase in strain rate; the moduli increased approximately 65% with an increase in strain rate of 1200 s -1 . The modulus of the warp fibers increased about 27% from low to intermediate rate. The modulus for warp fibers at high rate could not be determined due to the wide scatter in the data.
Young's modulus results derived from only long gage length samples are shown in figure 8 . A table of this data is shown in the appendix. Young's modulus values at gage lengths greater than 10 mm are taken to be the gage length independent of Young's modulus and are discussed in section 4. The strain rates here are limited to low and intermediate rates since long (approximately 10 mm +) samples cannot be tested at high-strain rates due the inability to reach the required dynamic equilibrium constraint during the experiment. Figure 8 shows that the unwoven fibers had the highest modulus at around 112.1 ± 1.89 GPa while the warp and weft fibers were 91.5 ± 6.22 GPa and 103.7 ± 4.26 GPa, respectively. These values are within the range noted by Lim et al. (8) for Kevlar 129. The warp fibers showed an 18% reduction in stiffness while the weft fibers showed a 7% drop in stiffness. 
Weave Effects at Three Strain Rates
A typical raw data output from a high-rate experiment is shown in figure 9 . Strain in the incident bar was recorded using semiconductor strain gages, while the transmitted signal was recorded using a piezoelectric force transducer. The relatively flat pulses were obtained through use of a thin copper pulse shaper. Figure 9 . Raw data from a high-rate experiment.
A typical strain rate and stress history from a high-rate experiment on an unwoven Kevlar fiber is shown in figure 10 . This experimental record shows that after a ramp time of around 60 µs the fiber reached a constant strain rate of about 1150 s -1 until failure occurred at 90 µs.
Results averaged over the 2-, 5-, and 10-mm gage lengths over the three strain rates are shown in figure 11 . A table of the data from which this figure was created is shown in the appendix. At all strain rates the unwoven fibers were stronger than either the warp or weft fibers. Degradation in strength of the warp and weft fibers is also noted in figure 9 . Fibers taken from the weft direction of the woven fabric were about 3%-8% weaker than the unwoven fibers. A larger difference was seen when comparing the unwoven fibers to the warp fibers. The warp fibers showed a minimum of 20% reduction in strength at intermediate and high rate and a 35% reduction in strength at low rate compared to unwoven fibers over the three short gage lengths examined. The warp and weft fibers also showed a higher amount of variability in failure strength evinced by larger scatter bands. 
Gage Length Effects and Damage Distribution
In an attempt to quantify defects inherent in the fiber over a given length, multiple gage lengths were examined. The effect of gage length at quasi-static and intermediate rates is shown in figures 12 and 13. A table of data from which these figures were created is shown in the appendix. For both low and intermediate strain rates the tensile strength decreased with increasing gage length for the all fiber types. In general the ultimate strength did not decrease a significant amount. Only once the length scale is reduced to 5 mm is there a reduction in apparent defects seen by an increase in strength. The gage length dependence at high-loading rate is shown in figure 14 . A table of data from which these figures were created is shown in the appendix. Unwoven fibers showed a small increase in failure strength of 2% in the 2-mm gage length samples when compared to the 10-mm gage length samples. Warp and weft fibers showed different behavior. The strength of the warp fibers increased 17.5% in the 2-mm gage length compared to the 10-mm case. The strength of the weft fibers did not change significantly; a 4% decrease in strength was noted over the same range as the other fibers. The size of the scatter was large for the weft fibers compared to the unwoven fibers. 
Discussion
In general, Young's modulus of all three fiber types decreased with decreasing gage length. This decreasing modulus in respect to decreasing gage length was also noted by Lim et al. (5) . The error between the corrected and uncorrected Young's modulus decreases past a gage length of approximately 10 mm. This may be due to the sensitivity of the system compliance, Cs. Small changes to the slope of the compliance curve have a greater affect on the corrected modulus and strain values. Lim et al. (5) did not conjecture why the modulus would be lower for the shorter fibers but instead stated that the error between uncorrected and corrected values decreased past a gage length of 10 mm, and took the modulus at longer gage lengths to be gage length independent. Due to the sensitivity of Young's modulus at short gage lengths, the results summarized in figure 7 at three different strain rates do not represent the gage length independent Young's modulus. However, averaging the modulus over the 2-, 5-, and 10-mm gage lengths for the three strain rates allows for a qualitative comparison to investigate the rate dependence on modulus. The behavior shown in figure 7 suggests that Kevlar increases in stiffness with loading rate.
Considering the gage length independent modulus behavior shown in figure 8 , fibers from the warp and weft directions of the hydrophobic fabric had lower stiffness compared to the unwoven fibers. Weft fibers were generally less stiff than the warp fibers at both low and intermediate rate.
The reduction in stiffness of the warp fibers may be attributed to the fibers being held in tension during weaving, the crimping process, the scouring process, or application of the fluoropolymer. Studies of the single fiber behavior of greige and scoured fabric would help delineate this finding.
The Kevlar fibers in this study showed an increase in strength with increasing strain rate. Qualitatively, the data shown in figure 11 are consistent with the rate dependence seen by other authors (5, 6, 8, 10) for aramid fibers. Cheng et al. (3) did not see a marked increase in strength with increasing strain rate; Cheng et al. (3) found that the strength of unwoven Kevlar KM2 increased from 3.88 ± 0.40 GPa at quasi-static rate, while the high-rate failure strength was 4.04 ± 0.38 GPa. In this study, the failure of strength of unwoven KM2 increased from 4.30 ± 0.49 GPa to 5.1 ± 0.41 GPa from quasi-static to high rate.
The magnitude of the decrease in strength of warp and weft fibers is similar to that seen by Nilakantan et al. (9) from experiments on yarns. Nilakantan et al. (9) saw a decrease in strength for warp yarns of about 15%-20% and 30% for greige and scoured yarns, respectively. Weft yarns were 6%-9% weaker for greige and 10%-16% weaker for scoured. The ranges given in the work by Nilakantan et al. (9) depended on the gage length and the probability of failure calculated using a three-parameter Weibull method. The differences in the strength of the woven single fibers in this study compared to the unwoven fibers could be attributable to the crimping process, frictional sliding of the weft fibers against the warp fibers during weaving, the warp fibers being held in tension during weaving, or from the finishing process including scouring or application of the hydrophobic finish. Other factors could be present, but due to the proprietary nature of the fiber weaving and processing process additional fiber degradation factors are hard to track.
Fibers taken from the warp and weft directions were 20%-35% and 3%-8% weaker than unwoven fibers over the range of strain rates. These ranges are similar to the ranges found by Nilakantan et al. (9) on yarn experiments at quasi-static rate; however, single fiber and yarn experimental results are not directly comparable due to possible interactions of the single fibers within the yarn during breaking or failure. Attributing the measured reduction in strength of the warp and weft single fibers to any single step of the weaving and finishing process is difficult since single fiber experiments were not conducted on woven yarns taken from intermediate steps of the weaving process, from greige (woven, unscoured, untreated), to scoured (woven, scoured, untreated), to hydrophobic finish (woven, scoured, treated). Only a full experimental investigation of single fiber response including the greige and scoured fabric would show the effects of the different handling, weaving, scouring, and surface treatment on the single fiber response.
The investigation of gage length and hence defect distribution indicates that defects are evenly distributed along the fiber once the gage length is longer than 10 mm. Similar behavior was seen in the single fiber gage length study by Lim et al. (5, 8) . Nilakantan et al. (9) also saw lengthscale effects while experimenting with yarns at quasi-static rates. When experiments were conducted at high-strain rate, the Kevlar fiber showed a weak increase in failure strength. The increase in strength of the 2-mm gage length to the 10-mm gage length was only about 2% for the unwoven case. This result agrees with experiments on Kevlar 129 fibers by Lim et al. (6) who noted only a 4% increase in failure strength between the 2-and 10-mm gage length samples.
Summary
Single fiber experiments were conducted on fibers extracted from the two weaving directions of plain woven, hydrophobically treated Kevlar KM2 and compared to fibers extracted from an unwoven yarn to elucidate any damage due to the weaving and finishing process to the single fibers. The strain rate dependence of the three fiber types was studied over a strain rate range of 0.001-1200/s using a Bose Electroforce test bench and a fiber-SHTB equipped with a noncontact laser strain measuring system. The gage length dependence of the fiber was also studied over the three strain rates to discover the distribution of defects along the fiber.
An analysis of the tensile Young's modulus was also carried out, accounting for variation in the compliance of the testing systems. After correcting for system compliance, the data show that the modulus for short gage length unwoven and weft fibers increased 65% over the range of strain rates. Modulus obtained from long gage length samples, taken to be the gage length independent modulus, showed an 18% drop for warp fibers while the weft fibers were 7% less stiff compared to unwoven fibers. Attributing this reduction in stiffness to a particular step of the weaving or finishing process is difficult since the fibers studied had been woven, scoured, and hydrophobically treated.
All fiber types showed a small increase in strength as the strain rate increased from 0.001 to 1200/s despite any effects of weaving or finishing. In addition to the strain rate effect, changes in strength due to weaving were also present. The warp fibers were a minimum of 20% weaker than the unwoven fibers at all strain rates, and were 35% weaker at quasi-static strain rate. Weft fibers were 3%-8% weaker over the range of strain rates. The reduction in strength of the warp fibers could be attributed to the weaving and finishing process, however the hydrophobically treated fibers used in this study were scoured in a separate step of the finishing process; hence, it is difficult to determine which step of the finishing process caused the degradation in strength.
Further single fiber studies including fibers originating from greige and scoured fabric are needed to delineate these findings.
The gage length dependence from which defect distribution can be inferred showed that at shorter gage lengths the fiber strength increased, probably due to less defects present in the fiber at shorter gage lengths. This gage length dependence was consistent with similar experimental investigations on single fibers. 
